Introduction {#sec1}
============

Cardiovascular disease (CVD) remains the leading cause of death in the world.[@bib1] Various pathologies, such as myocardial ischemia, valve diseases, and metabolic disturbances, result in excessive deposition of extracellular matrix (ECM), which affects cardiac myocyte contraction/relaxation and disturbs cell-cell coupling, resulting in myocardial stiffness, diastolic dysfunction, and arrhythmogenesis.[@bib2]^,^[@bib3] It has been reported that only a 3% expansion of the ECM volume elevates the risk of all-cause mortality by 50%.[@bib4] Moreover, in the FinGesture database of autopsy-verified sudden cardiac death (SCD) victims, we have observed primary myocardial fibrosis (PMF) without any known etiology to be a relatively common autopsy finding among the young SCD victims.[@bib5]^,^[@bib6] Despite the adverse effects of cardiac fibrosis, the molecular mechanisms regulating the development of cardiac fibrosis are poorly understood.

Transforming growth factor β1 (TGF-β1) plays a key role in fibrosis-related pathologies, including cirrhosis, renal fibrosis, pancreatic fibrosis, and cardiac fibrosis.[@bib7]^,^[@bib8] In the heart, cardiac fibroblasts (CFs) are the main cell type responsible for ECM production, and the majority of ECM is comprised of collagenous proteins (85%--90% collagen 1).[@bib2]^,^[@bib7]^,^[@bib9] TGF-β1 enhances CF proliferation and the ability of CFs to synthesize collagen, leading to the accumulation of ECM. Disruption of TGF-β1 signaling by knockdown of fibroblast SMAD3 results in incomplete scar formation along with a higher risk of tissue rupture and mortality.[@bib10] In contrast, late inhibition of TGF-β1 signaling after myocardial infarction is protective against cardiac fibrosis and adverse cardiac remodeling.[@bib11]^,^[@bib12] More recently, both fibroblast-specific TGF-β1 receptor knockout and SMAD3 knockout were shown to attenuate pressure overload-induced cardiac fibrosis.[@bib13]

There are two key pathways that mediate TGF-β1 signaling: the canonical SMAD pathway and the non-canonical signaling pathways. Canonical TGF-β1 signaling is transduced by phosphorylation of SMAD2/SMAD3, followed by their subsequent binding with SMAD4 and shuttling into the nucleus.[@bib14] Non-canonical pathways are comprised of several TGF-β1-activated signaling mechanisms, including the phosphatidylinositol 3-kinase (PI3K)/AKT and mitogen-activated protein kinase (MAPK) signaling pathways.[@bib14] The TGF-β1/MAPK pathways signal via a three-tiered cascade of MAPKKK/MAPKK/MAPK, which culminates in three major MAPKs: p38, c-Jun N-terminal kinase (JNK), or extracellular signal-regulated kinases (ERK1/2).[@bib15]^,^[@bib16] MAPK activation requires phosphorylation by upstream MAPK kinases (MKKs), and p38 is preferentially activated by MKK3 and MKK6.[@bib15]^,^[@bib16] Inactivation is largely achieved by dual-specificity phosphatases (DUSPs) that dephosphorylate MAPKs and serve as a key constraint for MAPK signals. Previously, dysregulation of DUSPs has been shown to result in sustained MAPK signaling and cardiac fibrosis.[@bib15]

Aging increases the risks of CVD[@bib1]^,^[@bib17] and aggravates CVD mortality in older individuals. During cardiac aging, accumulation of ECM in the myocardium as well as collagen deposition in the vascular media lead to a progressive decline in cardiac function.[@bib1]^,^[@bib17] Cellular senescence is defined as the permanent cessation of cell proliferation.[@bib18] Instead of being removed from the body, senescent cells accumulate over a lifetime, which is considered both a hallmark as well as a contributor of aging.[@bib1]^,^[@bib18]^,^[@bib19] The indefinite cell cycle exit is mediated by p53/p21 (CDKN1A) or p16 (CDKN2A) through inhibition of cyclin-dependent kinases (CDKs) that are required for cell cycle progression.[@bib19]^,^[@bib20] Senescent cells are characterized by several traits, including increased levels of p21, p16, and lysosome β-galactosidase activity.[@bib19]^,^[@bib21] Inducible targeting of p16-positive cells in a genetic mouse model has been shown to prolong lifespan and to mitigate age-dependent deterioration of cardiac function.[@bib22]

MircoRNAs (miRNAs) are small non-coding RNAs containing approximately 22 nt.[@bib23] They serve as post-translational regulators by binding to their complementary sequence within their target mRNA 3′ UTRs (untranslated regions), leading to mRNA degradation or blocked translation.[@bib23]^,^[@bib24] The binding of miRNAs to their target mRNAs does not require full complementary, which allows each miRNA to regulate the expression of hundreds of genes.[@bib23] Numerous reports have identified the crucial role of miRNAs in fine-tuning cardiac function.[@bib23]^,^[@bib25], [@bib26], [@bib27] The miR-29 family is one of the first miRNA families found to be associated with cardiac fibrosis. They are downregulated in the peri-infarct region and target collagens to modulate the fibrotic response.[@bib28] In the last few years, a number of other miRNAs have also been shown to modulate cardiac fibrosis, such as miR-378, miR-125b, and let-7i.[@bib29], [@bib30], [@bib31] miR-1468-3p was identified 13 years ago[@bib32] and, until now, it has been found solely in humans and goats. In this study, we identify a disease-associated and age-dependent increase in miR-1468-3p expression in human hearts and uncover the dual role of miR-1468-3p in promoting cardiac fibrosis and cell senescence. The dual function of miR-1468-3p exemplifies a signaling mechanism underpinning cardiac aging and development of CVD, and it provides a potential target for the treatment of aging-associated fibrosis.

Results {#sec2}
=======

miR-1468-3p Expression Is Increased in Fibrotic Hearts and Promotes Senescence {#sec2.1}
------------------------------------------------------------------------------

We analyzed the miRNA profile in left ventricular samples taken at autopsy from SCD victims identified with PMF in the FinGesture study. Healthy myocardial samples (control) were collected from accidental death victims without evidence of cardiac diseases at autopsy. In the SCD victims with PMF, no other cardiac diseases such as cardiac hypertrophy and/or coronary artery disease were observed. From miRNA profiling data, we selected seven miRNA candidates (miR-1468-3p, miR-499a-5p, miR-30c-5p, miR-1285-3p, miR-3613-3p, miR-4286, and miR-874-3p) for individual qPCR validation. Among the candidate miRNAs analyzed, miR-1468-3p was upregulated in older SCD victims with PMF (age 40--55 years) when compared to age-matched controls, but it remained unchanged in diseased hearts of younger subjects (age 20--30 years) ([Figure 1](#fig1){ref-type="fig"}A). qPCR analysis of other candidate miRNAs showed a reduction in miR-1285-3p levels in young SCD victims with PMF, but a slight increase in older SCD victims with PMF ([Figure S1](#mmc1){ref-type="supplementary-material"}). Cardiac expression of miR-499a-5p decreased in old SCD victims with PMF, but not in the young ([Figure S1](#mmc1){ref-type="supplementary-material"}).Figure 1Cardiac miR-1468-3p Expression Is Increased in Aged SCD Victims and It Promotes Senescence(A and B) Analysis for cardiac miR-1468-3p (A and B) and miR-1468-5p (B) expression in control subjects (control) and victims of sudden cardiac death (SCD) with primary myocardial fibrosis (PMF case). All samples were paired with matched age. The data are shown as relative to respective age control of miR-1468-3p. (C and D) Human cardiac fibroblasts were treated with 20 nM of either mimic-1468-3p or control sequence (mimic-Ctrl) for 24 h. (C) Quantitative analysis of senescence-associated β-galactosidase (SA-β-GAL) activity and representative staining. Scale bar: 100 μm. N = 4. (D) Western blot (WB) analysis and densitometry analysis for expression of p16, p21, and p53. Vinculin was used as a loading control. (E) Analysis for miR-1468-3p and miR-1468-5p expression in healthy control hearts at different ages. (F) Analysis for miR-1468-3p expression in young healthy control hearts and in hearts of 45- to 65-year-old SCD victims with PMF (PMF case). Data are expressed as mean ± SD. Student's t test was used. ∗p \< 0.05, ∗∗p \< 0.01, ∗∗∗p \< 0.001.

To validate the increased miR-1468-3p expression in SCD victims with PMF, we collected additional cardiac samples from healthy control subjects and SCD victims with PMF. In agreement with the profiling data, cardiac miR-1468-3p levels were increased in older SCD victims with PMF compared to age-matched controls, but not in the young SCD victims with PMF ([Figure 1](#fig1){ref-type="fig"}B). Analysis for expression of miR-1468-5p produced from the same primary miRNA transcript showed no difference between healthy and diseased hearts ([Figure 1](#fig1){ref-type="fig"}B).

The increase in miR-1468-3p levels in aged human cardiac samples prompted us to test whether miR-1468-3p induces cell senescence. We overexpressed miR-1468-3p in cultured human CFs (hCFs) with a synthetic mimic (mimic-1468-3p) and compared them with a control sequence (scrambled nucleotides). Flow cytometry analysis showed a dose-dependent increase in the transfection efficiency of the fluorescence-labeled control sequence ([Figure S2](#mmc1){ref-type="supplementary-material"}). Analysis for cell senescence by measuring for senescence-associated β-galactosidase (SA-β-GAL) activity showed induction in SA-β-GAL in hCFs overexpressing miR-1468-3p ([Figure 1](#fig1){ref-type="fig"}C). Western blot analysis showed that mimic-1468-3p induced p53 and p16 expression in hCFs, whereas no difference was observed in p21 levels ([Figure 1](#fig1){ref-type="fig"}D). To validate that miR-1468-3p-induced cell senescence is linked to human cardiac aging, we analyzed miR-1468-3p levels in healthy human heart samples between different age groups (20--30 versus 40--55 years old). As shown in [Figure 1](#fig1){ref-type="fig"}E, cardiac miR-1468-3p expression increases in healthy human hearts during aging. No difference was observed in miR-1468-5p expression between the age groups ([Figure 1](#fig1){ref-type="fig"}E). To assess for the effect of both aging and fibrosis (PMF) on miR-1468-3p levels, we further compared additional left ventricular samples from young healthy hearts to samples from aged SCD victims with PMF, which revealed a robust increase in miR-1468-3p levels in the diseased hearts ([Figure 1](#fig1){ref-type="fig"}F).

miR-1468-3p Promotes Collagen Deposition {#sec2.2}
----------------------------------------

Given that miR-1468-3p expression was increased in old SCD victims with cardiac fibrosis, we next explored its fibrotic potential. By definition, fibrosis is a pathological state with excess deposition of ECM. Analysis for total collagen deposition with Sirius Red staining showed that mimic-1468-3p significantly augmented collagen deposition in hCFs ([Figure 2](#fig2){ref-type="fig"}A). Consistent with the elevated total collagen deposition, western blot analysis showed increased collagen 1 (Col1a1), connective tissue growth factor (CTGF), and periostin (Postn) expression in mimic-1468-3p-treated hCFs ([Figure 2](#fig2){ref-type="fig"}B). We also measured Col1a1, CTGF, and Postn expression at the transcriptional level, all of which showed a tendency of increase without significance ([Figure S3](#mmc1){ref-type="supplementary-material"}).Figure 2miR-1468-3p Promotes Fibrosis, and Targeting miR-1468-3p Reduces TGF-β1-Induced Fibrosis(A and B) Human cardiac fibroblasts (hCFs) were treated with 20 nM mimic-1468-3p or mimic-Ctrl. After 24 h, cells were fixed and stained for total collagen deposition, or collected for WB analysis. Shown are quantification of total collagen deposition (A) and WB and densitometry analysis for collagen 1, periostin (Postn), and CTGF expression (B). (C--E) hCFs were treated with 50 nM antagomir of miR-1468-3p (antimiR-1468-3p) or control sequence (antimiR-Ctrl). After 24 h, hCFs were treated TGF-β1 (5 ng/mL) where indicated. At the end of the experiment, cells were fixed and stained for total collagen deposition, collected for WB analysis, or collected for qPCR analysis. Shown are quantification of total collagen deposition (C); qPCR analysis for COL1A1, connective tissue growth factor (CTGF), and Postn (D); and WB and densitometry analysis (lower panel) for collagen 1, Postn, and CTGF expression (E). (F) qPCR analysis for miR-1468-3p expression. Vinculin was used as a loading control for WB. Collagen deposition, N = 5--6 per group; qPCR, N = 3--4 per group. Data are expressed as mean ± SD. One-way ANOVA followed by Tukey's *post hoc* test and Student's t test was used. ^\$^p \< 0.05, ^\$\$^p \< 0.01 versus mimic-Ctrl; ∗p \< 0.05, ∗∗p \< 0.01, ∗∗∗p \< 0.001 versus antimiR-Ctrl; ^\#\#^p \< 0.01, ^\#\#\#^p \< 0.001 versus antimiR-Ctrl+TGF-β1.

To investigate whether targeting miR-1468-3p regulates CF function, we employed an antisense oligonucleotide of miR-1468-3p (antimiR-1468-3p). Treatment of non-stimulated hCFs with antimiR-1468-3p had no effect on collagen deposition or fibrotic gene expression ([Figure 2](#fig2){ref-type="fig"}C; [Figure S3](#mmc1){ref-type="supplementary-material"}). Given that, in a physiological setting, fibroblasts are quiescent and inactive with regard to collagen synthesis, we stimulated hCFs with TGF-β1. TGF-β1 substantially triggered collagen deposition in hCFs treated with the anti-miR control, and targeting miR-1468-3p with antimiR-1468-3p significantly decreased TGF-β1-induced collagen deposition ([Figure 2](#fig2){ref-type="fig"}C). qPCR analysis showed that antimiR-1468-3p blunted TGF-β1-induced Col1a1 and Postn expression, with a trend to decrease CTGF expression ([Figure 2](#fig2){ref-type="fig"}D). Similarly, western blot analysis showed that antimiR-1468-3p reduced TGF-β1-induced Col1a1 and Postn expression ([Figure 2](#fig2){ref-type="fig"}E). These data suggest that inhibition of miR-1468-3p does not counteract fibrosis at the basal level, but it attenuates TGF-β1-triggered fibrotic responses.

The lack of effect for antimiR-1468-3p in hCFs at baseline prompted us to investigate whether TGF-β1 regulates miR-1468-3p expression. In accordance with the collagen deposition data, qPCR analysis showed a 2-fold increase in miR-1468-3p levels in TGF-β1-treated hCFs, and antimiR-1468-3p treatment restored the TGF-β1-induced increase in miR-1468-3p expression to the basal level ([Figure 2](#fig2){ref-type="fig"}F).

To better understand the function of miR-1468-3p, we compared the expression level of miR-1468-3p to other miRNAs in hCFs. We found that the expression of miR-1468-3p is relatively low in quiescent hCFs and, similarly, the expression level of miR-1468-3p in healthy human hearts was among the lowest of those analyzed ([Figure S4](#mmc1){ref-type="supplementary-material"}). We then compared the distribution of miR-1468-3p in fibroblasts and endothelial cells, the most abundant cell type in the heart.[@bib33] qPCR analysis showed that the expression of miR-1468-3p is equal in hCFs and human umbilical vein endothelial cells (HUVECs) ([Figure S4](#mmc1){ref-type="supplementary-material"}).

miR-1468-3p Modulates Cell Proliferation and Metabolic Activity {#sec2.3}
---------------------------------------------------------------

To further characterize the role of miR-1468-3p in regulating biological functions in hCFs, we monitored cell proliferation and metabolic activity, both of which are key characteristics of hCFs that intensify overall collagen deposition and exacerbate fibrosis. Evaluation for hCF proliferation by analyzing for 5-ethynyl-2′-deoxyuridine (EdU) incorporation showed that augmenting miR-1468-3p levels did not affect cell proliferation ([Figure 3](#fig3){ref-type="fig"}A). Furthermore, antagonizing the function of miR-1468-3p did not affect EdU incorporation at baseline, but it attenuated TGF-β1-induced cell proliferation ([Figure 3](#fig3){ref-type="fig"}B). The metabolic activity of hCFs was markedly increased in mimic-1468-3p-treated hCFs ([Figure 3](#fig3){ref-type="fig"}C). Again, antimiR-1468-3p did not affect the metabolic activity of hCFs at baseline but attenuated the TGF-β1-induced cell metabolic activity ([Figure 3](#fig3){ref-type="fig"}D).Figure 3miR-1468-3p Enhances the Metabolic Activity of hCFs(A and C) hCFs were treated with 20 nM mimic-Ctrl for 24 h and analyzed for cell proliferation (A) or cell metabolic activity (C). (B and D) hCFs were treated with 50 nM antimiR-Ctrl for 24 h and treated with TGF-β1 (5 ng/mL) for 24 h where indicated. Shown are analyses for cell proliferation (B) and cell metabolic activity (D). N = 5--7 per group. Data are shown as mean ± SD. One-way ANOVA followed by Tukey's post *hoc test* and Student's t test was used. ^\$\$^p \< 0.01 versus mimic-Ctrl; ∗∗p \< 0.01, ∗∗∗p \< 0.001 versus antimiR-Ctrl; -p \< 0.05 versus antimiR-Ctrl+TGF-β1.

RNA Profiling for Profibrotic Role of miR-1468-3p {#sec2.4}
-------------------------------------------------

To identify the mechanisms involved in miR-1468-3p function, we performed RNA sequencing (RNA-seq) analysis of hCFs treated with either control antagomir (n = 2), TGF-β1+control antagomir (n = 3), or TGF-β1+antimiR-1468-3p (n = 3). We screened out differentially expressed (DE) genes by criteria as FC (fold change) \>1.5 and p \< 0.05. More than 2,000 transcripts were DE after TGF-β1 treatment in control cells. AntimiR-1468-3p significantly affected the expression of 353 transcripts in TGF-β1-treated cells, 131 of which were downregulated and 222 upregulated ([Table S1](#mmc2){ref-type="supplementary-material"}). Gene Ontology (GO) enrichment analysis of DE genes identified 283 gene functions that were significantly affected with the most enriched processes related to cell cycle ([Table S2](#mmc3){ref-type="supplementary-material"}).

GO enrichment analysis of the 131 downregulated DE transcripts identified four TGF-β/MAPK pathway signaling-related processes among the top 10 enriched processes: MAPK cascade, phosphorylation, SMAD phosphorylation, and SMAD signal transduction ([Figure 4](#fig4){ref-type="fig"}A). In addition, KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway analysis of the 131 transcripts identified six pathways, including the TGF-β, insulin, and PI3K-Akt signaling pathways ([Figure 4](#fig4){ref-type="fig"}B). GO analysis of the genes upregulated by antimiR-1468-3p identified cell cycle and DNA repair as the major enriched biological processes.Figure 4RNA Profiling for miR-1468-3p Target Genes in hCFshCFs were treated with antimiR-Ctrl for 24 h and treated with TGF-β1 (5 ng/mL) for 24 h where indicated. At the end of the experiment, RNA was collected for RNA sequencing analysis, qPCR analysis, or WB analysis. Shown are (A) Gene Ontology (GO) enrichment analysis and (B) KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway analysis for the genes downregulated by antimiR-1468-3p. (C) Heatmap representation of genes that were significantly regulated by antimiR-1468-3p in TGF-β1-treated cells. (D) qPCR analysis of selected genes modulated by TGF-β1 and/or antimiR-1468-3p. (E) WB and densitometry analysis (right panel) for p16 and p21. GAPDH was used as a loading control. qPCR, N = 3 per group. Data are expressed as mean ± SD. One-way ANOVA followed by Tukey's *post hoc* test was used. ∗p \< 0.05, ∗∗p \< 0.01, ∗∗∗p \< 0.001 versus antimiR-Ctrl; ^\#^p \< 0.05, ^\#\#^p \< 0.01, ^\#\#\#^p \< 0.001 versus antimiR-Ctrl+TGF-β1.

With the dominant role of cell cycle-related genes in GO analysis of full RNA-seq data, we further examined the data on TGF-β/SMAD, MAPK, phosphorylation, and fibrosis-related genes ([Table S3](#mmc4){ref-type="supplementary-material"}). We found that antimiR-1468-3p significantly modulated 22 of the 75 fibrotic marker transcripts investigated, with significant downregulation of 20 transcripts, including COL1A1, COL3A1, matrix metalloproteinase-2 (MMP2), fibronectin (FN), and α-smooth muscle actin (ACTA2) ([Table S3](#mmc4){ref-type="supplementary-material"}; [Figure 4](#fig4){ref-type="fig"}C). For all 47 MAPK cascade kinases analyzed, 10 were significantly regulated by antimiR-1468-3p with a decrease in six transcripts, including MAPK14 (p38α) ([Table S3](#mmc4){ref-type="supplementary-material"}; [Figure 4](#fig4){ref-type="fig"}C). However, analysis for MAPK14 expression by qPCR did not show a significant reduction in MAPK14 levels in antimiR-1468-3p-treated cells ([Figure 4](#fig4){ref-type="fig"}D). To date, 25 human DUSP genes have been identified and approximately 11 of them have been shown to serve a major role in regulation of MAPK pathways.[@bib16] AntimiR-1468-3p treatment significantly altered expression of 11 out of 25 DUSP transcripts, 8 of which serve a major role in MAPK inactivation ([Table S3](#mmc4){ref-type="supplementary-material"}; [Figure 4](#fig4){ref-type="fig"}C). AntimiR-1468-3p treatment also significantly altered expression of seven TGF-β/SMADs signaling components, including a decrease in TGF-β1-induced SMAD4 expression ([Table S3](#mmc4){ref-type="supplementary-material"}; [Figure 4](#fig4){ref-type="fig"}C). In addition, we compared expression of all integrin subunits and found that antimiR-1468-3p treatment significantly decreased expression of five integrins ([Table S3](#mmc4){ref-type="supplementary-material"}; [Figure 4](#fig4){ref-type="fig"}C).

Given the identified role of miR-1468-3p in promoting senescence, the expression of all CDKs and CDK inhibitors (CDKIs, encoded by CDKNs) were investigated. Upon antimiR-1468-3p delivery, expression of 11 CDKs and CDKIs changed significantly, including a decrease in CDKN1A, CDKN2A, CDKN1B, and CDKN2B expression and an increase in expression of all CDKs ([Table S3](#mmc4){ref-type="supplementary-material"}; [Figure 4](#fig4){ref-type="fig"}C). Gene expression of selected miR-1468-3p-regulated transcripts was confirmed by qPCR, which validated the decrease in ACTA2, CDKN1A, and ITGB3 expression by antimiR-1468-3p in TGF-β1-treated cells ([Figure 4](#fig4){ref-type="fig"}D). Western blot analysis confirmed the decrease of p16 by antimiR-1468-3p in TGF-β1-treated cells whereas anti miR-1468-3p had no effect on p21 expression ([Figure 4](#fig4){ref-type="fig"}E).

miR-1468-3p Regulates TGF-β1 Signaling {#sec2.5}
--------------------------------------

Western blot analysis was then used to interrogate the effect of miR-1468-3p on TGF-β1/MAPK signaling. Overexpression of miR-1468-3p induced an increase in p38 phosphorylation and a modest increase in JNK phosphorylation ([Figure 5](#fig5){ref-type="fig"}A), whereas no apparent change was observed in phosphorylated (p-)Smad2, p-AKT, and p-ERK1/2 signals ([Figure S5](#mmc1){ref-type="supplementary-material"}). In addition, mimic-1468-3p induced an increase in the expression of total p38, but not total JNK or total focal adhesion kinase (FAK) ([Figure 5](#fig5){ref-type="fig"}A). Despite the increase in total p38, mimic-1468-3p was still able to induce p38 phosphorylation when compared to total protein ([Figure 5](#fig5){ref-type="fig"}A). The increase in p38 phosphorylation thus is not only due to increased protein expression. Alternatively, antimiR-1468-3p attenuated TGF-β1-induced phosphorylation of p38, although without affecting the JNK pathway ([Figure 5](#fig5){ref-type="fig"}B), and there was also no change in p-Smad2, p-AKT, and p-ERK1/2 levels ([Figure S6](#mmc1){ref-type="supplementary-material"}). In accordance with the qPCR data, antimiR-1468-3p had no effect on total p38 expression, total JNK, or total FAK ([Figure 5](#fig5){ref-type="fig"}B). In addition, mimic-1468-3p elevated FAK phosphorylation ([Figure 5](#fig5){ref-type="fig"}A), and antimiR-1468-3p reduced TGF-β1-activated FAK phosphorylation ([Figure 5](#fig5){ref-type="fig"}B).Figure 5miR-1468-3p Modulates TGF-β1-Induced Signaling Pathways(A) hCFs were treated with 20 nM mimic-Ctrl for 24 h. Shown are WB and densitometry analyses for phosphorylated p38, phosphorylated c-Jun N-terminal kinase (JNK), phosphorylated focal adhesion kinase (FAK), total p38, and total FAK. Vinculin was used as a loading control. Also, the ratios of phosphorylated p38 to total p38 as well as phosphorylated JNK to total JNK are shown. (B) hCFs were treated with 50 nM antimiR-Ctrl for 24 h and treated with TGF-β1 (5 ng/mL) for 24 h where indicated. Shown is WB and densitometry analysis for phosphorylated p38, phosphorylated JNK, p-FAK, total p38, and total FAK. The ratios of phosphorylated p38 to total p38 as well as phosphorylated JNK to total JNK are also shown. Vinculin was used as a loading control. Data are expressed as mean ± SD. Student's t test and one-way ANOVA followed by Tukey's *post hoc* test were used. ^\$^p \< 0.05, ^\$\$^p \< 0.01 versus mimic-Ctrl; ∗p \< 0.05, ∗∗p \< 0.01, ∗∗∗p \< 0.001 versus antimiR-Ctrl; ^\#^p \< 0.05, ^\#\#\#^p \< 0.001 versus antimiR-Ctrl+TGF-β1.

miR-1468-3p Regulates DUSPs {#sec2.6}
---------------------------

Experimental data thus showed that the p38 pathway is regulated by miR-1468-3p, and RNA-seq data indicated dysregulation of DUSPs in antimiR-1468-3p-treated cells. Furthermore, computational prediction with a public database TargetScan indicated DUSPs as potential miR-1468-3p target genes ([Figure 6](#fig6){ref-type="fig"}A). Notably, among the eight predicted potential target DUSPs, six were also identified from RNA-seq data ([Figure 6](#fig6){ref-type="fig"}A). Based on the predicted list, we selected seven DUSPs for further analysis: DUSP1, DUSP5, DUSP6, DUSP7, and DUSP16, all of which are the predicted targets of miR-1468-3p, as well as DUSP8 and DUSP14, which have displayed preference for p38/JNK inactivation.[@bib16] Surprisingly, expression of four out of five predicted miR-1468-3p target DUSPs were decreased by miR-1468-3p treatment, with a decrease in DUSP1 and DUSP6 reaching significance ([Figure 6](#fig6){ref-type="fig"}B). miR-1468-3p also significantly reduced DUSP8 expression, whereas DUSP14 expression was increased. The reduction in DUSP1 expression was further confirmed with western blotting ([Figure 6](#fig6){ref-type="fig"}B).Figure 6miR-1468-3p Regulates Dual-Specificity Phosphatases (DUSPs) and p38 MAPKCultured hCFs were treated with 20 nM mimic-Ctrl for 24 h. At the end of the experiment, samples were collected for qPCR and WB analyses. (A) Computational analysis for potential miR-1468-3p target genes. (B) Shown is qPCR analysis for DUSPs 1, 5, 6, 7, 8, 14, and 16, as well as WB and densitometry analysis for DUSP1. Tubulin was used as a loading control. (C) Cultured human umbilical vein endothelial cells (HUVECs) were treated with 20 nM of mimic-Ctrl. Shown is qPCR analysis for DUSP1 (left panel), and WB (middle panel) and densitometry analysis (right panel) of DUSP1 and phosphorylated p38. GAPDH or tubulin were used as a loading control. (D) hCFs were treated with 20 nM mimic-1468-3p or 50 nM antimiR-1468-3p for 24 h, and then co-transfected with mutated (muDUSP1) or wild-type (WTDUSP1) DUSP1 luciferase reporter construct as indicated. Shown is normalized firefly luciferase activity (FLuc) to Renilla luciferase (RLuc) activity. N = 5--6 per group. (E) Analysis for DUSP1 expression in healthy control hearts at the age of 18--30 years or 40--65 years, and in hearts of SCD victims with PMF at the age of 40--65 years. Shown are blinded gradings for DUSP1 expression level and representative images. Scale bar: 100 μm. Data are expressed as mean ± SD. Student's t test and Mann Whitney U test with Bonferroni correction were used. ^\$^p \< 0.05, ^\$\$^p \< 0.01 versus mimic-Ctrl; ∗p \< 0.05, ∗∗p \< 0.01 versus healthy control hearts (age, 18--30 years)

In addition, given that the expression level of miR-1468-3p in HUVECs is comparable to that in hCFs, we tested whether a similar effect of miR-1468-3p on DUSP1 levels was also present in HUVECs. Again, overexpression of miR-1468-3p repressed DUSP1 expression at both the mRNA and protein levels, which was concomitant with increased p38 phosphorylation ([Figure 6](#fig6){ref-type="fig"}C). Phenotypically, mimic-1468-3p triggered an increase in p21 (CDKN1A), p53, and CTGF at the transcriptional level, whereas VEGFA expression decreased. Western blot analysis revealed upregulation of p16, p21, p53, and CTGF expression by mimic-1468-3p ([Figure S7](#mmc1){ref-type="supplementary-material"}).

Prior studies have shown that DUSP6 has high specificity for ERK, but it does not dephosphorylate p38 or JNK.[@bib34], [@bib35], [@bib36], [@bib37], [@bib38] Given that augmenting miR-1468-3p had no effect on ERK, but modulated p38 phosphorylation ([Figure 5](#fig5){ref-type="fig"}A; [Figure S5](#mmc1){ref-type="supplementary-material"}), we selected DUSP1 (which inactivates all three MAPKs) for further verification. We utilized a dual-luciferase assay in hCFs to confirm the direct regulation of DUSP1 by miR-1468-3p. A wild-type luciferase construct containing the miR-1468-3p seeding region in the 3′ UTR of DUSP1 (WTDUSP1), or a vector containing a mutated miR-1468-3p binding site (muDUSP1), was introduced into hCFs. Mimic-1468-3p reduced luciferase activity in WTDUSP1-transfected hCFs when compared to muDUSP1-transfected hCFs ([Figure 6](#fig6){ref-type="fig"}D). Consistent with the observed minimal effect of targeting miR-1468-3p in quiescent hCFs, no difference in luciferase activity was observed upon antimiR-1468-3p delivery ([Figure 6](#fig6){ref-type="fig"}D). Taken together, these data demonstrate that miR-1468-3p regulates DUSP1 expression by directly binding to its 3′ UTR region.

To translate our findings to human cardiac aging and fibrosis, immunostaining of DUSP1 in cardiac sections was performed, followed by blind grading of its expression in heart samples of SCD victims with PMF (age 40--65 years), healthy control individuals (age 40--65 years), and younger healthy individuals (age 18--30 years). Histological analysis showed that cardiac DUSP1 expression was increased with aging in healthy hearts, and the expression level was further increased in aged SCD victims with PMF ([Figure 6](#fig6){ref-type="fig"}E). Interestingly, histological analysis of total p38 and phosphorylated p38 also displayed an aging-associated increase in hearts of healthy human subjects, and the highest expression levels were observed in aged SCD victims with PMF ([Figure S7](#mmc1){ref-type="supplementary-material"}). The noted induction of DUSP1 in human hearts may thus stem from induction of p38 signaling, and the enhanced miR-1468-3p expression possibly represents a compensatory response that only limits DUSP1 induction but is not sufficient to abolish it.

miR-1468-3p Functions through the p38 Pathway {#sec2.7}
---------------------------------------------

To further evaluate the role of JNK and p38 pathways on the pro-fibrotic response of miR-1468-3p, we blocked each pathway with a respective inhibitor and validated the efficacy of each inhibitor using western blot ([Figure S8](#mmc1){ref-type="supplementary-material"}). Analysis for the role of JNK and p38 on collagen deposition showed that the JNK inhibitor (JNK inhibitor I) abrogated the miR-1468-3p-induced increase in collagen deposition, but it also repressed collagen deposition in control-treated cells ([Figure 7](#fig7){ref-type="fig"}A). Importantly, miR-1468-3p was still able to induce collagen deposition in hCFs treated with the JNK inhibitor. Analysis for cell proliferation and cell metabolic activity showed that JNK inhibition severely blunted cell proliferation and reduced cell metabolic activity both in mimic-Ctrl (control) and mimic-1468-3p-treated cells ([Figure 7](#fig7){ref-type="fig"}A). These data thus suggest that JNK signaling is required to support and maintain basal activity of hCFs, and the decrease in collagen deposition by JNK inhibition is likely due to robust inhibition of cell proliferation. Differently from JNK inhibition, p38 inhibition by SB203580 slightly increased cell proliferation and abolished the miR-1468-3p-induced increase in cell metabolic activity and collagen deposition ([Figure 7](#fig7){ref-type="fig"}B). Importantly, p38 inhibition had no significant effect in control cells, indicating that the pro-fibrotic function of miR-1468-3p is p38-dependent. Consistent with the functional assays in hCFs, western blot analysis indicated that p38 inhibition attenuated miR-1468-3p-induced collagen 1 and CTGF expression, with a non-significant decrease in Postn expression ([Figure 7](#fig7){ref-type="fig"}C).Figure 7miR-1468-3p Modulates Collagen Production via the p38 Pathway(A and B) Cultured hCFs were treated with mimic-Ctrl, and co-treated with JNK inhibitor (JNKi, 2 μM) (A) or p38 inhibitor (SB203580, 5 μM) (B). Shown are analyses for collagen deposition, cell proliferation, and cell metabolic activity. (C) hCFs were treated with mimic-Ctrl, and co-treated with p38 inhibitor (SB203580, 5 μM) where indicated. Shown are WB and densitometry analysis (lower panel) for collagen 1, Postn, and CTGF. Vinculin was used as a loading control. (D) antimiR-Ctrl-treated hCFs were transduced with adenoviruses expressing LacZ or MKK3b (MKK3). Shown are analyses for collagen deposition (left panel) and cell metabolic activity (right panel). For collagen deposition, cell proliferation, and cell metabolic activity, N = 5--6 per group. Data are expressed as mean ± SD. One-way ANOVA followed by Tukey's *post hoc* test was used. ^\$^p \< 0.05, ^\$\$^p \< 0.01, ^\$\$\$^p \< 0.001 versus mimic-Ctrl; ^†^p \< 0.05, ^††^p \< 0.01, ^†††^p \< 0.001 versus mimic-1468-3p; ^‡‡^p \< 0.01 versus mimic-Ctrl+JNKi; ∗∗∗p \< 0.001 versus antimiR-Ctrl + LacZ; ^\#\#^p \< 0.01, ^\#\#\#^p \< 0.001 versus antimiR-Ctrl + MKK3.

To further validate the role of miR-1468-3p in regulating fibroblast function through the p38 pathway, we utilized adenoviral delivery of constitutively active MKK3b (upstream regulator of p38) to activate the p38 pathway. Forced activation of the p38 pathway was sufficient to induce collagen deposition and cell metabolic activity, both of which were significantly attenuated by targeting miR-1468-3p ([Figure 7](#fig7){ref-type="fig"}D).

Discussion {#sec3}
==========

In the current study, we identified a substantial increase in cardiac miR-1468-3p levels in aged SCD victims with PMF and further showed that levels of miR-1468-3p are increased in healthy aged hearts. Our experimental data establish both a pro-senescent and a pro-fibrotic role for miR-1468-3p, the latter of which is at least partially mediated through induction of p38 signaling. The dual role of miR-1468-3p bridging fibrosis and senescence is an example how aging exacerbates CVD progression in older individuals.

miR-1468-3p in the Regulation of Fibroblast Function {#sec3.1}
----------------------------------------------------

The increase of miR-1468-3p expression in cardiac samples of SCD victims with PMF and with no evidence of cardiomyocyte pathology suggested a pro-fibrotic potential of miR-1468-3p. Studies in cultured fibroblasts showed that miR-1468-3p promotes collagen deposition and increases protein levels of collagen 1, CTGF, and Postn. Further assessment of cell proliferation and metabolic activity showed that the pro-fibrotic effect of miR-1468-3p is mainly attributed to potentiation on overall collagen-producing capacity instead of increasing CF proliferation.

Analysis of miR-1468-3p expression showed that it is expressed in rather low abundance in human hearts when compared with other miRNAs analyzed. Similarly, we found that miR-1468-3p is expressed at low levels in quiescent hCFs. The relatively low expression of miR-1468-3p may account for the lack of effect of miR-1468-3p blockade on collagen production in quiescent hCFs. Alternatively, we found that TGF-β1 induces miR-1468-3p expression *in vitro*, which may also provide a rationale for the induction of miR-1468-3p levels in cardiac samples of SCD victims with PMF. Furthermore, blockade of miR-1468-3p function in TGF-β1-stimulated cells attenuates a TGF-β1-induced increase in total collagen deposition and increase in collagen 1, CTGF, and Postn expression.

miR-1468-3p Regulates the TGF-β1-p38 Pathway {#sec3.2}
--------------------------------------------

Interrogation of RNA-seq data identified MAPK and SMAD (GO annotation)- and TGF-β (KEGG pathway)-related signaling pathways as key targets of miR-1468-3p. Our experimental data show that miR-1468-3p activates MAPKs as well as integrin/FAK signaling in the non-canonical TGF-β1 pathway. Conversely, blockade of miR-1468-3p reduces TGF-β1-induced p38 phosphorylation and FAK phosphorylation, which is consistent with the anti-fibrotic effect of antimiR-1468-3p.

Prior data indicate a central role for p38α in the regulation of cardiac fibrosis.[@bib39]^,^[@bib40] In this study, we show that p38 inhibition abrogated miR-1468-3p-induced collagen deposition and cell metabolic activity, but it had no effect on CF function at the basal level. Alternatively, activation of p38 signaling by the adenovirus encoding for MKK3b (adv-MKK3) potentiated collagen deposition and cell metabolic activity, both of which were abolished by antimiR-1468-3p. Of note, differently from p38-induced fibrotic response, blockade of miR-1468-3p function did not fully abrogate the TGF-β1-induced pro-fibrotic response. Taken together, our data indicate a central role for p38 MAPK in mediating the pro-fibrotic effect of miR-1468-3p.

Integrin signaling mediates latent TGF-β activation and is thus intimately involved in regulating TGF-β-mediated fibrosis.[@bib8]^,^[@bib41] FAK phosphorylation is the main step for integrin signaling conduction, and treatment mitigating FAK activation has been shown to attenuate cardiac fibrosis and improve cardiac function during post-ischemic cardiac remodeling.[@bib41] Analysis for integrin subunits in RNA-seq data revealed that expression levels of all integrin subunits significantly induced by TGF-β1 were reduced by antimiR-1468-3p, which is consistent with the decrease in TGF-β1-induced integrin/FAK signaling by antimiR-1468-3p. qPCR validation showed that ITGB3 is one of the integrin subunits that is reduced by antimiR-1468-3p. Interestingly, Rapisarda et al.[@bib42] proposed that ITGB3 accelerates the onset of senescence via activation of the TGF-β1 signal, and its expression could be used as a senescence marker. In addition, our data show that TGF-β1 induces miR-1468-3p expression, which in turn potentiates p38 and FAK signals, indicating that miR-1468-3p serves as a nodal point in the regulation of non-canonical TGF-β1 signaling.

miR-1468-3p Targets DUSPs {#sec3.3}
-------------------------

p38 MAPK, which belongs to the non-canonical TGF-β1-MAPK pathway, is regulated by phosphorylation and dephosphorylation by MKKs or DUSPs, respectively. Detailed analysis of MAPK and DUSP genes from RNA sequencing data indicates that DUSPs are key targets of miR-1468-3p. Eleven out of 25 human DUSP genes play a major role in MAPK-specific inactivation,[@bib16] and 8 out of those are significantly affected by miR-1468-3p blockade in TGF-β1-treated cells. Computational prediction of miR-1468-3p targets also identified eight DUSPs as potential targets for miR-1468-3p, five of which serve a role in MAPK inactivation. Based on computational analysis of predicted miR-1468-3p-targeted DUSPs, we performed qPCR analysis of selected DUSPs. Remarkably, we found that miR-1468-3p was sufficient to downregulate DUSP1 (inactivates all three major MAPKs, i.e., ERK, p38, and JNK), DUSP6 (primarily inactivates ERK), and DUSP8 (primarily inactivates p38 and JNK), and direct regulation of DUSP1 was further confirmed by analysis of luciferase construct driven by the 3′ UTR of DUSP1 containing the miR-1468-3p binding site.

miR-1468-3p in Cardiac Fibrosis and Aging {#sec3.4}
-----------------------------------------

Analysis of human cardiac samples for miR-1468-3p levels showed an increase in older SCD victims with PMF and an age-dependent increase in hearts of healthy subjects. Experimental studies with cultured human fibroblasts showed that, in addition to promoting collagen production, miR-1468-3p promotes fibroblast senescence. Aging itself does not induce CVD; instead, it occurs as an independent risk factor for CVD and aggravates the cardiac pathologies in older individuals. Prior studies show that aging and fibrosis are tightly associated.[@bib19] Schafer et al.[@bib43] reported that in human idiopathic pulmonary fibrosis (IPF), fibroblasts acquire a senescent phenotype. They further demonstrated that the senescent fibroblasts are fibrogenic and promote IPF, and removal of senescent fibroblasts improved pulmonary function in a bleomycin-induced lung fibrosis model.[@bib43] In cardiac disease models, senescent CFs accumulate in the heart both after myocardial infarction[@bib44] and thoracic aortic constriction,[@bib45] and in the latter model genetic deletion of p53 and p16^INK4^ aggravated the stress-induced cardiac fibrosis. However, it is currently not clear whether aging-associated fibroblast senescence promotes or antagonizes collagen deposition in the myocardium.

Stimuli-induced senescence functions through either p53/p21 or p16, or through a combination of both. Interestingly, the p53/p21 pathway often responds to stimuli earlier to halt progression of the cell cycle, while the resulting senescence may be reversible and insufficient to maintain senescence, which suggests that p21 expression is also likely to be transient. Alternatively, the increase in p16 expression is considered to relate to natural aging. The p16 engaged senescence usually occurs secondary to the p53/p21 pathway and leads to an irreversible senescence.[@bib19]^,^[@bib46]^,^[@bib47] In agreement with a previously described pro-senescent role of TGF-β1,[@bib48]^,^[@bib49] we found that TGF-β1 induced an increase in expression of p21 (CDKN1A), p16 (CDKN2A), and p15 (CDKN2B)[@bib19] in hCFs. In the current study, administration of antimiR-1468-3p reversed TGF-β1-triggered p21 and p16 expression in CFs, which supports the role of miR-1468-3p in regulating senescence.

miR-1468-3p increases both p53 and p16 levels, which suggests that miR-1468-3p-induced cell senescence resembles a full-stage natural senescence. This is also consistent with the increase in miR-1468-3p levels in hearts of healthy aging subjects. However, miR-1468-3p did not induce an increase in p21 levels in fibroblasts. This is consistent with the lack of effect of miR-1468-3p on the PI3K/Akt pathway, which plays a key role in promoting the accumulation of p21.[@bib50] Interestingly, in addition to the well-defined pro-fibrotic function of p38, it has been shown to serve a pivotal role in senescence; that is, p38 activation triggers senescence[@bib51] while inhibition of p38 antagonizes senescense.[@bib19]^,^[@bib21] Previous data also indicate a key role for p38 in regulation of cell cycle inhibitors, including p16.[@bib52] Thus, the p38 pathway represents a potential target for miR-1468-3p in the regulation of senescence.

Overall, in the current study, we identify miR-1468-3p as a central regulator of CF function. miR-1468-3p facilitates TGF-β1-p38 signaling and serves a dual role, potentiating both cell senescence and collagen deposition. Cardiac expression of miR-1468-3p increases in aging healthy hearts and in SCD victims with PMF, bridging cardiac aging and fibrosis, and indicating the potential for miR-1468-3p as a therapeutic target in aging-associated cardiac fibrosis.

Materials and Methods {#sec4}
=====================

Human Cardiac Samples {#sec4.1}
---------------------

The human samples were obtained from the FinGesture study, which has systematically collected both clinical and autopsy data from SCD victims between 1998 and 2018 in northern Finland (n = 5,869). The study complies with the Declaration of Helsinki and was approved by the Ethics Committee of the Northern Ostrobothnia Hospital District, Finland. The National Authority for Medicolegal Affairs (Valvira) approved the review of postmortem data by the investigators. The autopsies were performed by experienced forensic pathologists (each performing more than 100 autopsies per year) using contemporary guidelines for diagnosis of the cause of death. Sudden death was defined as a witnessed death within 6 h of the onset of symptoms or an unwitnessed death within 24 h of the time victim was last seen in a good state of health. The precise definition of PMF has been previously described.[@bib53] Samples of healthy cardiac tissue were collected from autopsies of traffic accident victims with no history or evidence of CVD at autopsy.

Cell Cultures Experiments {#sec4.2}
-------------------------

hCFs and culture medium were purchased from ScienceCell (\#6300), plated on poly-[l]{.smallcaps}-lysine (2 μg/cm^2^)-coated plates (ScienceCell, \#0413), and cultured in fibroblast medium-2 (FM-2, \#2331) supplemented with 5% fetal bovine serum (FBS, ScienceCell, \#0025), 1% fibroblast growth supplement-2 (FGS-2, ScienceCell, \#2382), and penicillin/streptomycin solution (P/S, ScienceCell, \#0503). HUVECs were purchased from Cell Applications (\#200p-05n), cultured according to the manufacturer's instructions. Human endothelial cell basal medium (\#210-500), human endothelial cell growth supplement (\#211-GS), and attachment factor solution (contains bovine gelatin) (\#123-100) were all from Cell Applications.

For mimic and anti-miR experiments, oligonucleotides were transfected with Lipofectamine 2000 (Thermo Fisher Scientific, \#11668-019) in culture medium according to the manufacturer's protocol. 50 nM concentration was used for the antisense oligonucleotide of miR-1468-3p (antimiR-1468-3p) (QIAGEN, \#339131) and the control sequence (antimiR-Ctrl) (QIAGEN, \#339136). Mimic-1468-3p and mimic-Ctrl (QIAGEN, \#339173) were transfected at 20 nM concentration.

For TGF-β1 treatment, recombinant human TGF-β1 (Peprotech, \#100-21) was used at 5 ng/mL concentration. Cultured hCFs were first transfected with 50 nM antimiR-Ctrl or antimiR-1468-3p for 24 h and treated with TGF-β1 for 24 h, after which cells were collected or fixed with 4% paraformaldehyde for analysis.

Collagen Deposition, Cell Proliferation, and Cell Metabolic Assay {#sec4.3}
-----------------------------------------------------------------

Cultured hCFs, at 70% confluence, were treated with mimic-1468-3p or antimiR-1468-3p, with or without TGF-β1. Collagen deposition evaluation was conducted with Sirius Red/fast green staining (Chondrex/Amsbio, \#9046). The cell proliferation assay was performed with a Click-iT EdU Alexa Fluor 488 HCS (high-content screening) assay (Thermo Fisher Scientific, \#C10350) after a 2-h incubation with 10 μM EdU. Cell metabolic activity was measured after a 2-h incubation with 10 μM resazurin (Sigma, \#R7017) measured with excitation at 544 nm and emission at 590 nm. All assays were performed according to the manufacturers' instructions and measured by using a multiplate reader (Varioskan Flash 4.00.53).

SA-β-GAL Activity {#sec4.4}
-----------------

Cultured hCFs were transfected with 20 nM mimic-1468-3p or mimic-Ctrl. After 24 h, cells were fixed and stained with a cell senescence detection kit (Abcam, \#ab65351). Five randomly chosen fields in each well were imaged and analyzed using ImageJ with color deconvolution and the same threshold.

Dual-Luciferase Reporter Assay {#sec4.5}
------------------------------

WT dual-luciferase reporter plasmid containing human DUSP1 3′ UTR was purchased from GeneCopoeia (HmiT117930-MT06; GenBank: [NM_004417.4](ncbi-n:NM_004417.4){#intref0010}). Five nucleotides from the binding site were mutated (5′-TTTTGC-3′→5′-TACCTA-3′) by using 5′ phosphorylated primers (forward, 5′-ACCTATCGCCCCTGTTTTTTGTAGAATC-3'; reverse, 5′-AAGAAACCGGATCACACACTGAG-3′). The amplification reaction was performed by using Phusion Hot Start II high-fidelity DNA polymerase (Thermo Fisher Scientific) according to the protocols of the manufacturer. The PCR product was DpnI (New England BioLabs) digested and ligated by T4 ligase (New England BioLabs) according to the manufacturer's instructions. Clones were sequenced to confirm the correct mutation in the binding site. Cultured hCFs were delivered with 20 nM mimic-1468-3p or 50 nM antimiR-1468-3p for 24 h, then transfected with Lipofectamine 2000 (Thermo Fisher Scientific, \#11668-019) WT or mutant luciferase construct for 24 h. Luciferase activity was measured with a Luc-Pair duo-luciferase assay kit 2.0 (GeneCopoeia) according to the manufacturer's instructions. Firefly luciferase activity was normalized with Renilla luciferase activity.

Adenoviral Vectors and Plasmids {#sec4.6}
-------------------------------

For adenoviral transfections, hCFs at 70% confluence were transduced with adenoviruses encoding for MKK3 or LacZ. After 24 h, cells were fixed for further analysis. adv-MKK3b has been previously described.[@bib54]

qPCR Analysis for miRNA and mRNA Expression in Human Heart Samples and Cultured hCFs {#sec4.7}
------------------------------------------------------------------------------------

RNA was extracted from formalin-fixed, paraffin-embedded (FFPE) tissues sections using a RecoverAll total nucleic acid isolation kit for FFPE (Thermo Fisher Scientific, \#AM1975). miRNAs were isolated from cultured hCFs with an E.Z.N.A. miRNA kit (Omega Bio-tek, \#R7034-01). Reverse transcription of miRNAs was done by using a TaqMan advanced miRNA cDNA synthesis kit (Thermo Fisher Scientific, \#A28007) according to the manufacturer's instructions. qPCR analysis for miRNA expression was carried out on QuantStudio 5 system (Thermo Fisher Scientific) with TaqMan advanced miRNA assays (Applied Biosystems), TaqMan fast advanced master mix (\#4444557), and miRNA primers (\#A25576). For data analysis, comparative CT method was used to calculate the results. All samples were determined in duplicate. hsa-miR-186-5p was used for the internal control of miRNA expression.

Total RNA was isolated with the E.Z.N.A. total RNA kit I (OMEGA Bio-tek, \#OMEGR6834-02) and reverse-transcribed with a Transcriptor First Strand cDNA Synthesis Kit (Roche, \#04896866001). qPCR was performed with SYBR Green PCR master mix (Thermo Fisher Scientific, \#4309155) on QuantStudio 5 System (Thermo Fisher Scientific). For data analysis, comparative CT method was used to calculate the results. Primers used in qPCR are presented in [Table 1](#tbl1){ref-type="table"}. 18S ribosomal RNA was used as the internal reference gene.Table 1Primers Used in qPCRGeneForward Primer (5′→3′)Reverse Primer (5′→3′)SigmaACTA2CTATGAGGGCTATGCCTTGCCGCTCAGCAGTAGTAACGAAGGASigmaPOSTNGACCGTGTGCTTACACAAATTGAAGTGACCGTCTCTTCCAAGGSigmaCTGFAAAAGTGCATCCGTACTCCCACCGTCGGTACATACTCCACAGSigmaCOL1A1GAGGGCCAAGACGAAGACATCCAGATCACGTCATCGCACAACSigmaCDKN1AAGGTGGACCTGGAGACTCTCAGTCCTCTTGGAGAAGATCAGCCGSigmaITGB3CCGGCCAGATGATTCGAAGACAGGGTAATCCTCCACCTGCSigmaDUSP1CTGCCTTGATCAACGTCTCAACCCTTCCTCCAGCATTCTTSigmaDUSP5GCCAGCTTATGACCAGGGTGGTCCGTCGGGAGACATTCAGSigmaDUSP6CGAGACCCCAATAGTGCAATGGCCTCAGGGAAASigmaDUSP7GACGTGCTCGGCAAGTATGGGATCTGCTTGTAGGTGAACTCSigmaDUSP8TCAGCTCCGTCAACATCTGCCGCGTGCTCTGGTCATAGASigmaDUSP14CTGCTCACTTAGGACTTTCTCCTTGGTAGCGTGCTGSigmaDUSP16GCCCATGAGATGATTGGAACTCCGGCTATCAATTAGCAGCACTTTSigmaMAPK14CTGGTACAGACCATATTAACCAGCGGTGTTCCTGTCAGACGCATSigma18SCTCAACACGGGAAACCTCACCGCTCCACCAACTAAGAACG

Western Blotting {#sec4.8}
----------------

For western blot, lysis buffer containing 20 mM Tris-HCl, 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, and 1 mM dithiothreitol (pH 7.5) supplemented with protease and phosphatase inhibitors (Sigma) was used to extract the total protein content from hCFs. The lysate was centrifuged at 12,500 rpm at 4°C for 20 min. The concentration was determined by colorimetric protein assay (Bio-Rad). The protein samples (40 μg) were denatured for 5 min at 97°C, separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and transferred onto 0.45-μm nitrocellulose membranes by Trans-Blot turbo transfer system (Bio-Rad). The membranes were blocked for 1 h at room temperature (RT) by blocking buffer (Odyssey, LI-COR Biosciences) diluted into Tris-buffered saline (TBS, 50 mM Tris, 200 mM NaCl \[pH 7.4\]).

The membranes were probed with antibodies against p21 (sc-6246, Santa Cruz, 1:250), human p16INK4a/ CDKN2A (AF5779, R&D Systems, 1:1,000), p53 (sc-47698, Santa Cruz, DO-7, 1:200), collagen 1 (ab34710, Abcam, 1:500), CTGF (sc-14939, Santa Cruz, 1:200), Postn (sc-398631, Santa Cruz, 1:500), p-p38 MAPK (Thr180/Tyr182) (\#9211, Cell Signaling Technology, 1:1,000), active JNK antibody (V7932, Promega, 1:3,000), FAK (p-Y397) (ab81298, Abcam, 1:1,000), DUSP1 (sc-373841, Santa Cruz, 1:200), p38 MAPK (\#9212, Cell Signaling Technology, 1:1,000), p-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (\#9106, Cell Signaling Technology, 1:1,000), p-Akt (Ser473) (\#9271, Cell Signaling Technology, 1:1,000), p-SMAD2 (Ser465/Ser467) (\#3108, Cell Signaling Technology, 1:1,000), p-HSP27 (Ser82) (Ser465/Ser467) (\#2401, Cell Signaling Technology, 1:1,000), SAPK/JNK antibody (\#9252, Cell Signaling Technology, 1:1,000), and purified mouse anti-FAK (\#610088, BD Transduction Laboratories, 1:500). Vinculin (ab18058, Abcam, 1:1,000), α-tubulin (\#2144, Cell Signaling Technology, 1:1,000), or glyceraldehyde-3-phosphate dehydrogenase (MAB374, Merck, 1:100,000) was used as a loading control. Secondary antibodies purchased from Life Technologies (Alexa Fluor A11371, A21058, and A21076) were used with a dilution of 1:5,000. All antibodies were diluted in Odyssey blocking buffer from LI-COR Biosciences. Odyssey infrared imaging (LI-COR Biosciences) was used to detect the antibody binding.

Flow Cytometry {#sec4.9}
--------------

Transfection efficiency was determined after delivery of a fluorescence-labeled (5′6-FAM \[fluorescein\]) control sequence (QIAGEN, \#339136) to cells with Lipofectamine 2000 (Thermo Fisher Scientific, \#11668-019). Cells without delivery were used as a negative control for setting the gating region. The percentage of cells that pass the gating threshold was counted for each sample. 10,000 events were acquired per sample on a FACSCalibur flow cytometer equipped with a 488-nm laser (BD Biosciences), and data analysis was processed using CellQuest Pro software (BD Biosciences).

Histology {#sec4.10}
---------

For assessment of DUSP1, total p38, and phosphorylated p38 expression, FFPE sections of human cardiac tissue were used. Paraffin was removed in xylene and the sections were dehydrated in a graded ethanol series. Primary antibodies were diluted in blocking buffer and incubated on tissue sections overnight at 4°C. Primary antibodies used were as follows: 1:50 DUSP1 (sc-373841, Santa Cruz), 1:50 p-p38 MAPK (Thr180/Tyr182) (\#9211, Cell Signaling Technology), and 1:100 p38 MAPK (\#9212, Cell Signaling Technology). The sections were viewed with a Nikon Eclipse 80i microscope (Nikon, Melville, NY, USA), and captured with an ORCA-Flash4.0 LT digital camera (Hamamatsu, Hamamatsu City, Japan) and NIS-Elements AR v4.30.01 software (Nikon, Melville, NY, USA).

RNA-Seq Analysis {#sec4.11}
----------------

Total RNA was isolated from hCFs by using an E.Z.N.A. miRNA kit (Omega Bio-tek, \#R7034-01). RNA sequencing was carried out with an Illumina TruSeq stranded mRNA kit on a HiSeq 3000 (50 bp, Illumina). *Homo sapiens* hg38 was the reference genome used, and the reference gene annotation was RefSeq-based annotation, which was downloaded from the Illumina iGenomes website.

Functional enrichment analyses of the gene profile (GO biological process and KEGG pathway analysis) were performed with the Database for Annotation, Visualization and Integrated Discovery (DAVID) v6.8 or the PANTHER (Protein Analysis through Evolutionary Relationships) classification system.

Further investigation of TGF-β/SMAD, p38/MAPK, phosphorylation, and fibrosis-related genes was performed using normalized RNA-seq data. A Student's t test with equal variances was performed between antimiR-Ctrl+TGF-β1- versus antimiR-1468-3p+TGF-β1-treated cells, and all genes with significance (p \< 0.05) were defined as DE.

Statistical Analysis {#sec4.12}
--------------------

IBM SPSS Statistics software (IBM, Armonk, NY, USA) was used for determining statistical significance. Normally distributed data were analyzed with one-way ANOVA followed by Tukey's *post hoc* test. When two groups were compared, a Student's t test was used. p \<0.05 was defined as statistically significant.
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